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Executive Summary
The overall objective of this investigation is to identify and evaluate methods by which the net
power output of an air-cooled geothermal power plant can be enhanced during hot ambient
conditions using minimal amounts of water.
Geothermal power plants that use air-cooled heat rejection systems experience a decrease in
power production during hot periods of the day. This decrease in power output typically
coincides with the time when utilities need power to address high air conditioning loads. Hybrid
cooling options, which use both air and water, have been studied for this report to assess how
they might mitigate the net power decrease.
Hybrid cooling options can be used in sites where some water is present for supplemental
cooling, though not enough for a fully wet-cooled system. This report addresses binary power
plants that use a hydrocarbon as the working fluid and utilize an air-cooled condenser (ACC) for
heat load rejection. We considered two configurations to mitigate losses in power production: 1)
evaporative pre-cooling of the ACC inlet air (without the use of any added heat exchanger) and
2) the use of a water-cooled condenser/heat exchanger in parallel or series with the ACC (or an
air-cooled heat exchanger (ACHX)) to split the total condenser load.
Steam cycles, though not currently used in industry for low temperature geothermal resources,
were also analyzed.
An indirect method of cooling, called the Heller system (which is currently not utilized in
geothermal power production), was analyzed for both steam and binary plants. In the wetcooling assisted Heller system, an ACHX is placed in series with a water-cooled heat exchanger.
The Heller system can also be used with pre-cooled inlet air, though it was not explicitly studied
in this analysis. This report contains analyses of the following:
1) ACC and Heller dry-cooled systems. These options were modeled for both binary and
steam power plants as baseline cases. Water-assisted systems were then modeled for
comparison to the baseline.
2) Systems that pre-cool the inlet air to the ACC, such as using wetted-media, fogging, and
spray systems. The deluging of an ACC was also studied. These methods do not use an
added heat exchanger. Since low temperature geothermal plants are typically binary cycle
power plants, these analyses were only performed for the binary cycle power plants.
3) An ACC in parallel with a wet-cooled surface condenser (hybrid ACC system) was
studied for both the binary and steam cycle power plants.
4) A wet-cooled heat exchanger in series with the ACHX used in the Heller system (hybrid
Heller system) was analyzed for both the binary and steam cycle power plants.
In this study, we looked at using water to carry a nominal 30% of the heat rejection load from the
power plant. By limiting the duration of operation with wet-assist to 1,000 hours during a year,
the overall water consumption by the plant was capped at less than 3.5% of the water use in a
fully wet-cooled power system.
v

A basic air-cooled plant requires added equipment to implement wet-assist schemes. For the
various schemes, we evaluated the cost for the added equipment. We also evaluated the
incremental power produced and the associated incremental revenue for these schemes. The
overall benefit of the wet-assist is evaluated in terms of payback periods. The shorter the
payback, the better the system is in an economic sense.
The payback periods for each system are detailed below.
Binary Systems
•

Hybrid ACC System: The payback period for the hybrid ACC 125°C resource temperature
plant varies from 4.5 to 4.7 years (as the water cost was varied from $0.3-$2.46 per thousand
gallons). For the 158°C resource temperature hybrid ACC plant the payback periods are
longer, varying from 5.7 to 6.1 years (as the water cost was varied from $0.3-$2.46 per
thousand gallons).

•

Hybrid Heller System: The payback for the 158°C resource temperature hybrid Heller plant
varies from 3.8 to 4.0 years (as the water cost was varied from $0.3-$2.46 per thousand
gallons). For the colder resource temperature plant, the payback periods are somewhat
longer, ranging from 6.6 to 7.2 years (as the water cost was varied from $0.3-$2.46 per
thousand gallons).

•

Fogging System: The high cost of the system results in payback periods of 6.1 years
(assuming a water cost of $1.38 per thousand gallons and that time-of-delivery (TOD) rates
apply) for the 158°C resource temperature. The payback period for the 125°C resource
temperature plant was 6.5 years (assuming a water cost of $1.38 per thousand gallons and
that TOD rates apply).

•

Spray System: The payback period for the 158°C resource temperature plant was 0.60 years
(assuming a water cost of $1.38 per thousand gallons and that TOD rates apply). The
payback for the 125°C resource temperature plant was 1 year (assuming a water cost of $1.38
per thousand gallons and that TOD rates apply).

•

Deluge System: The payback period for the 158°C resource temperature deluge system plant
was 0.13 years (assuming a water cost of $1.38 per thousand gallons and that TOD rates
apply). The payback period for the 125°C resource temperature plant was 0.10 years
(assuming a water cost of $1.38 per thousand gallons and that TOD rates apply).

•

Wetted-Media System: Payback periods were 9.4 years for the 158°C resource temperature
plant and 7.4 years for the 125°C resource temperature plant (assuming a water cost of $1.38
per thousand gallons and that TOD rates apply).

Steam Systems
•

Hybrid ACC System: The payback period for the hybrid ACC system varies from 1.12-1.14
years (as the water cost was varied from $0.3-$2.46 per thousand gallons).

•

Hybrid Heller System: The payback period from the hybrid Heller plant is 1.2-1.24 years (as
the water cost was varied from $0.3-$2.46 per thousand gallons).
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The payback period, however, does not tell the whole story. For each of the evaluated schemes,
there are many advantages and disadvantages. One of the key considerations in our evaluation is
that the wet-assist system should not interfere with the normal plant operation when the wetassist is not operational (or needed).
With these criteria in mind, we find the following two systems as the most practical for use.
1) Pre-cooling the inlet air to the air-cooled heat rejection system using sprays. In this scheme,
commercially available misting nozzles are placed in a grid in the path of the intake air. Mist
eliminators are introduced downstream of the sprays to capture un-evaporated water droplets.
The mist eliminators must be carefully selected to minimize air-side pressure loss. Precooling of the inlet air has the potential to cool the air down close to its wet-bulb temperature
with an effectiveness of about 75%. This scheme is effective in dry climates where there is a
large difference between the air dry-bulb and wet-bulb temperatures. Payback for these
systems was less than 2 years for both resource temperatures, assuming TOD rates are
applicable.
2) Introduction of a wet-assist heat exchanger/surface condenser (hybrid ACC). In this scheme a
conventional wet cooling tower is added to the system. Water from the tower takes heat away
from either an added surface condenser or from the hot coolant. The tower and water streams
are sized to handle about 30% of the overall heat rejection load from the plant. The other
70% of the load is carried by the air-cooled heat rejection system. This scheme uses
conventional technology with readily available off-the-shelf commercial equipment. It is
easy to implement. The payback period for this type of system was estimated to range from
4.5 to 6.1 years.
Considering the above two schemes, we find that the second approach requires little in terms of
research and development. The first scheme, however, is suitable as a retrofit to existing aircooled power plants. It requires evaluation of spray nozzles, manifolding, mist eliminators, and
their effectiveness in actual plant operation. We propose to implement the pre-cooling inlet air
approach at the air-cooled power plant currently operational at the Rocky Mountain Oilfield
Testing Center (RMOTC).
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1 Introduction
Geothermal power plants use the heat from the earth to generate electricity. A recent summary of
the technologies involved in establishing and operating geothermal power plants is provided by
Kagel [Kagel 2008]. Power plant systems, working fluids, and configurations vary with the type
and temperature of the available geothermal resource.
Of specific concern in this study are power plants that operate with hydrothermal resources in the
low temperature range, nominally bracketed by 125o and 175oC. In this range of temperatures,
the industry practice is to use a binary cycle, where heat is exchanged to a working fluid, such as
isobutane or isopentane. The working fluid cycles through an evaporator, turbine, condenser, and
pump to generate electrical power. This analysis, however, will also look at steam cycle power
plants where the brine exchanges heat to closed-loop water/steam, which cycles through an
evaporator, turbine, condenser, and pump to generate electrical power, using a Rankine cycle.
Geothermal power plants often use air-cooled heat rejection systems due to a lack of water in the
arid sites where the plants are typically located. Heat rejection occurs in air-cooled condensers
(ACC) with either forced-draft or induced-draft airflow. Air-cooled plants that operate using low
temperature resources suffer a large loss in production capacity (as much as 50%) during times
of the year when the air temperature (dry-bulb) is high. This loss is a result of increased
condenser pressure and typically occurs during the afternoon hours in the months of June
through September (during summer in the Northern Hemisphere) and at times when utilities need
power to fulfill high air conditioning demands. High-demand times for electricity are also times
when electricity sale prices attain their peak in the open market. Thus, any increase in power
production using water-assisted cooling during hot ambient temperatures offers a potential
increase in revenue for the power plant.
1.1

Background

The loss of production capacity with increasing ambient air temperature is well documented for
geothermal power plants that use air as the heat load rejection medium. A comprehensive review
of the basics of ACC design and performance is addressed in a 2005 report issued by the Electric
Power Research Institute (EPRI) [EPRI 2005].
Early studies by Bamberger and Allemann [Bamberger 1982] assessed dry/wet cooling options
for a 5-MWe geothermal plant at the Raft River power plant in Cassia County, Idaho. They
summarized all of the prior works related to hybrid cooling investigations and concluded that
evaporative condensers offered the least cost among systems studied for the replacement of an
existing ACC.
More recently, Kanoglu and Çengel [Kanoglu 1999] analyzed a nominal 27 MW binary cycle
air-cooled power plant, which could use water to evaporatively pre-cool the inlet air to the ACC
to improve the power plant performance during hot days. Their analysis showed that if the inlet
air temperature could be reduced close to the wet-bulb temperature, the result would be a 29%
increase in net power output.
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Bharathan and Nix [Bharathan 2001] studied the use of ammonia absorption pumps to improve
power production in an air-cooled geothermal power plant. They found that increasing the brine
flow rate in an absorption heat pump by 30% resulted in a 21% increase in net plant power. Such
a scheme does not use additional cooling water, only the brine flow is increased. Kutscher and
Gawlik [Kutscher 2000] evaluated alternative configurations for the fins of an ACC to improve
condenser performance. Their results showed an increase in condenser performance, but also an
increase in the pressure drop in the condenser.
Kutscher and Costenaro [Kutscher 2002] assessed the potential of using evaporative cooling
enhancements to an ACC, and Kozubal and Kutscher [Kozubal 2003] looked at using a wetcooled condenser in series with an ACC to increase the net power output during hot periods of
the day in binary geothermal power plants.
Kutscher and Costenaro found that a deluging condenser system offered the lowest payback
period and Kozubal and Kutscher found that the series arrangement of the ACC and wet-cooled
condenser resulted in an increase in net power output, but the system had low economic viability.
EPRI examined the use of water spray to cool the inlet air to the ACC in an effort to enhance the
condenser performance [EPRI 2003]. They found that, depending upon the assumed price for
electricity during high demand times, the payback period for the enhancement ranged from 1 to 3
years.
Because of the increasing demand and decreasing availability of water, air cooling is rapidly
becoming the choice for heat load rejection for many thermal power plants. Geothermal power
plants, which operate at a lower resource temperature and system efficiency than fossil fuel
plants, suffer relatively greater losses in power production when using air cooling.
1.2

Objective

The goal of this project is to identify and analyze alternative heat rejection strategies that allow
air-cooled geothermal power plants to both maintain a high electrical power output during
periods of high ambient air dry-bulb temperatures and minimize plant water consumption. Cost
and economic viability of the added systems are addressed in terms of simple estimated payback
periods.
1.3

Scope of Study

We limited the scope of this study to a few air-cooled geothermal power plants. One of the plants
investigated is a nominal 20 MW power plant, such as the existing binary cycle power plant in
northern Nevada [Kanoglu 1999]. This plant was analyzed at its design resource temperature of
158oC.
A hypothetical 10 MW binary cycle plant was also analyzed with a lower resource temperature
of 125oC, and a nominal 20 MW steam cycle power plant was analyzed with a resource
temperature of 175oC.
Finally, a much smaller binary cycle plant, which has a capacity of 250 kW and a resource
temperature of 92°C, located at the Rocky Mountain Oilfield Testing Center (RMOTC) was
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analyzed with the intent of using it for field testing and verification of the water-assisted heat
load rejection systems.

Figure 1. Photograph of the northern Nevada air-cooled binary cycle geothermal plant
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2 Baseline Power Plants
2.1

Binary Cycle

2.1.1 20 MW (158°C resource temperature) ACC Power Plant
For this study, an existing air-cooled power plant with a nominal 20 MW net electric production
capacity (depicted in Figure 1) was modeled. Many plant details are provided by Kanoglu and
Çengel [Kanoglu 1999]. The working fluid used in the plant is isobutane. This plant suffers an
approximate 50% loss of production capacity from winter to summer conditions. A smaller,
hypothetical plant, with a nominal 10 MWe production output was also modeled for comparison.
The power plant was modeled using the commercially available process modeling software
ASPEN Plus. A consistent set of assumptions regarding component efficiencies and heatexchanger approaches were utilized in the models. Table 1 summarizes the nominal design
conditions for various parameters. Except for the brine resource temperature (158oC) and the
ambient temperature at design (3°C), all of which were taken from the Kanoglu work [Kanoglu
1999], all of the values in Table 1 are approximated based on industry standards.
Table 1. Summary of Assumed Parameter Values for Analyses
Design conditions for ambient air

Value

Dry-bulb temperature

3/10

Ambient pressure

101,322

Units
o

C

Pa

Design conditions for cooling water
o

Temperature

25

C

Pressure

101,322

Pa

Turbine/generator

0.87

(---)

Brine/water/other pumps

0.69

(---)

Cooling air fan

0.52

(---)

Component efficiencies

Brine availability
Temperature(s)

125/158/175

o

C

o

C

Component Operation
Heat exchanger pinch point Delta-T

5

Air cooler/condenser air-side pressure drop

175

Pa

Figure 2 shows a schematic of a basic binary cycle power plant. The brine heat exchanger acts
both as a preheater and boiler. An ACC is shown at the exhaust of the turbine. For organic
working fluids, on account of their skewed thermodynamic dome characteristics, a superheater is
not necessary to avoid moisture related problems (such as in the case of steam).
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Figure 2. Basic schematic diagram of a binary cycle geothermal power plant

Figure 3 illustrates the plant process conditions as modeled in the ASPEN Plus simulation. The
working fluid goes through a preheater and superheater. The superheater operates at pressures
close to the critical pressure for isobutane.
In practice, the working fluid is not superheated prior to entering the turbine. However, in order
to match the operating conditions quoted by Kanoglu, a small amount of superheat was
necessary for the model. This may be because of the use of the thermodynamic property tables
used in the model since explicit fluid property information was not indicated in the work by
Kanoglu.
The vapor is expanded through the turbine and the turbine exhaust leaves at a superheated
condition with an approximate 46°C superheat. The ACC desuperheats and condenses the vapor.
Though the desuperheater and the ACC are shown as two separate entities in the simulation, in
practice their functions occur in a single ACC.

5

Figure 3. Binary cycle power plant with an ACC (158°C resource temperature) at design conditions as modeled in ASPEN Plus

6

10

20,000

8

15,000

6

10,000

4

5,000

2

0

0
0

10

20

30

Turbine Back Pressure [bar]

Net Power [kW]

25,000

40

Ambient Air Temperature [°C]

Net Power

Turbine Back Pressure

Figure 4. Variation of the power production capacity and turbine back pressure with ambient air
temperature for the ACC binary (158°C resource temperature) cycle power plant

Figure 4 shows the predicted net power output and the turbine back pressure as functions of the
ambient air temperature. Note that the condenser suction pressure would be lower than the
turbine backpressure due to losses in the distribution pipes required for vapor. The back pressure
on the turbine was modeled as the minimum pressure necessary for the vapor to be condensed at
the exit of the ACC. The total power and turbine back pressure curves illustrated in Figure 4
were then idealized with best fit curves.
The net power from the plant decreases linearly with increasing temperature. For every 1°C that
the ambient dry-bulb temperature is increased there is an approximately 2% decrease in net
power output. The turbine back pressure, and thus the condenser pressure, increases
exponentially with increasing air dry-bulb temperature.
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Figure 5. Comparison of the variation of the actual and modeled gross power with ambient
temperature for the ACC binary (158°C resource temperature) cycle power plant

For model verification, we compared the gross power as provided by Kanoglu and Çengel
[Kanoglu 1999] and the gross power obtained from our analysis as shown in Figure 5. The plant
gross power is plotted with varying ambient air temperature. The gross power decreases with
increasing ambient temperature. The modeled gross powers are approximately 2-3 MW larger
than those provided by Kanoglu and Çengel at all temperatures resulting in a mean absolute error
of approximately 10%.
This difference can be attributed to differing assumptions in equipment efficiencies. The turbine
back pressure and the condenser pressure are not explicitly stated by Kanoglu, neither is the air
flow through the ACC. The difference in gross power could also be due to differences in
assumptions related to the condenser behavior. Our analysis assumes that the condenser operates
in a counter-current manner, since heat exchangers can only be modeled in ASPEN Plus in a
counter-current or co-current configuration, as opposed to the cross-flow pattern that would
actually occur in the operation of an ACC.
2.1.2 10 MW (125°C resource temperature) ACC Power Plant
A similar set of analyses were carried out for a hypothetical power plant operating at a brine
resource temperature of 125°C. We chose the plant design output at 10 MWe net for a modular
plant for the following analysis. The air dry-bulb temperature at design was 3°C. Figure 6 shows
the variation of the plant net power with ambient dry-bulb temperature. The net power decreases
with increasing temperature at a rate of approximately 198 kW/K. This represents a 26%
decrease compared to the 158°C resource temperature ACC plant.
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Figure 6. Net power variation with ambient temperature for the ACC binary (125°C resource
temperature) cycle power plant

2.1.3 20 MW (158°C resource temperature) Heller System Power Plant
An indirect cooling method, also called a Heller system, is a system that cools the condensate
generated in a direct-contact condenser (DCC) using air. The Heller system is usually associated
with steam power plants; however, it can be used with other working fluids as well. We note that
no indirect cooling systems as described in this section are operational in the United States.
Those Heller systems that do exist in Europe are used in fossil power plants with a much larger
power output than the systems described here.
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Figure 7. Schematic of the Heller system

The Heller system, shown in Figure 7, uses an indirect cooling configuration, where the vapor is
condensed in a DCC and the condensate (working fluid) is sent to an air-cooled heat exchanger
(ACHX) for rejecting the heat. The working fluid forms a closed loop sending the liquid back
and forth between the DCC and ACHX, with the required condensate returned to the boiler feed.
The Heller system has several inherent advantages and disadvantages compared to the ACC
system.
The advantages include:
1) The design offers a more simplified distribution arrangement in the ACHX for the liquid,
with potentially “true” countercurrent flow of air and liquid.
2) The design also offers a new control variable, namely, the flow rate of the liquid, to allow for
further flexibility in plant operation. The flow rate can be increased (or decreased) to allow
for higher (or lower) operating temperature driving potential at the ACHX. The Heller
system thus offers a means to increase the ACHX performance at high ambient temperatures
without the use of any additional water.
3) The ACHX can be located away from the power plant. The heat exchanger modules can be
arranged in a circular manner to take advantage of the natural tendency of the hot air to rise,
and thus lower required fan power. The circular arrangement can also be less prone to local
changes in prevailing wind flow and direction.
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The disadvantages include:
1) Added complexity with the introduction of a secondary loop to carry the rejected heat, and its
necessary piping.
2) A significant loss of temperature driving potential for the ACHX, which increases the heat
exchanger surface area needed.
3) An additional pumping power requirement for the fluid loop.
Figure 8 shows the design operating conditions for the power plant using the Heller system for
the 158°C resource temperature plant. In this model, the DCC is a pressure vessel with a height
requirement of about 15 feet and is modeled simply as a mixer and splitter for present purposes.
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Figure 8. Design case for the baseline binary (158°C resource temperature) cycle Heller system
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The performance of the system at varied ambient dry-bulb temperatures was simulated with the
components fixed at design. The fan air flow and the secondary loop circulating flow rates were
fixed at design conditions.
Figure 9 shows the net power production and condenser pressure as functions of the ambient drybulb temperature. The rate of net power reduction with ambient temperature is about 280 kW/K.
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In comparison, the ACC system with the same resource temperature (158°C) resulted in a rate of
254 kW/K. Thus, the Heller system exhibits a 9.2% higher rate than the ACC at the same
resource temperature. This is because the Heller system avoids vapor pressure losses in piping
and is able to operate at lower condenser pressures. The large vapor distribution ducts required
for an ACC are eliminated. The Heller system also performs better than the ACC system at lower
temperatures.
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Figure 9. Variation of the net power and condenser pressure with ambient air temperature for the
binary (158°C brine resource temperature) cycle Heller system
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2.1.4 10 MW (125°C resource temperature) Heller System Power Plant
A similar set of analyses were carried out for a hypothetical Heller system power plant operating
at a brine resource temperature of 125°C. Figure 10 shows the variation of the plant net power
with ambient dry-bulb temperature. Again, the plant was modeled with the lowest condenser
pressure necessary to condense all the vapor; the power and turbine curves are shown with
idealized curve fits.
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The net power decreases with increasing temperature at a rate of approximately 196 kW/K. This
rate is 30% less than the rate of the 158°C resource temperature Heller system plant.
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Figure 10. Variation of the net power and condenser pressure with ambient air temperature for the
binary (125°C brine resource temperature) cycle Heller system

2.1.5 Baseline Binary Cycle Power Plant Result Summary
The Heller system power plants have a higher power output than the ACC systems for both
resource temperatures. The rate at which the power decreases with increasing ambient
temperature for the baseline Heller system for the 158°C resource temperature plant is 9%
greater than the ACC plant with the same resource temperature. For the 125°C resource
temperature, the rate is 4% greater with the Heller system plant than with the ACC plant.
The Heller system power plants have a higher power output than the ACC power plants at lower
ambient air temperatures and the systems are able to operate at lower condenser pressures when
compared to the ACC plants.
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2.2

Steam Cycle

2.2.1 ACC (175°C resource temperature) Power Plant
For the purpose of this report, a steam cycle refers to plants that use steam as the working fluid in
a closed loop to enable cooling with air. A power plant with a nominal design net power of 20
MWe was modeled using a brine resource temperature of 175oC. For the purposes of these
analyses, the plant evaporator is modeled as a flash/condense system to generate the cooling
water and keep the working fluid (steam) separate from the brine, as illustrated in Figure 11. For
improved brine use, the evaporator can also be arranged as a simple heat exchanger; where the
hot brine effluent can be used downstream in a flash/condense operation to generate usable fresh
water.
In either case, it is possible to generate adequate amounts of fresh water to meet the needs for
intermittent water use for heat rejection during hot periods of the day.
The drawbacks of this system, however, are that the reservoir may suffer a loss of pressure due
to the water draw and that non-condensable emissions from the brine would have to be
addressed.

Flash
Chamber

Vapor

Steam

Turbine

Brine in

To Condenser

Evaporator

Air Cooled
Condenser

Water

To Evaporator

Condensate return

Brine out

Pump

Figure 11. The ACC system for a steam cycle power plant

Figure 12 shows the steam cycle plant operating parameters for the design case with an ACC, as
modeled in ASPEN Plus. The hot brine (at 175oC) enters a flash chamber and generates steam.
The steam condenser/evaporator preheats and boils the working fluid, in this case, water. An
approach temperature of 5oC is maintained in all heat exchangers. The steam in the binary loop
expands through a turbine and is then condensed in an ACC. At design conditions, cooling air is
available at 10oC.
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Figure 12. Plant design details for a geothermal ACC steam (175°C resource temperature) cycle power plant
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The ACC system has a few advantages and disadvantages compared to the Heller system. To
reiterate, it provides the highest temperature driving potential for the heat rejection. However, the
condensing vapor must be piped to the ACC using large vapor distributor lines. The ACC also
occupies a large land area. For a steam plant with an ACC, a minimum condenser pressure of
0.068 bar (2” of Hg) was used at design based on industry standards.
Due to losses in the distribution pipes for steam in the ACC system, this resulted in a turbine
back pressure about 0.02 bar greater than the condenser suction pressure. Such pressure loss
reduces the power that can be generated by the turbine. The ACC also limits the lowest sink
temperature to the air dry-bulb temperature.
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Figure 13 shows the performance of the steam cycle power plant as a function of the air dry-bulb
temperature. The net power once again decreases with increasing air temperature at
approximately 240 kW per °C temperature rise. This decrease is a direct result of the
exponentially increasing condenser pressure, also illustrated in Figure 13.
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Figure 13. Variation of the power production capacity and turbine back pressure for the steam
(175°C resource temperature) cycle ACC system
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2.2.2 Heller System (175°C resource temperature) Power Plant
The Heller system is described in Section 2.1.2. The ASPEN Plus simulation of the steam Heller
system is shown below in Figure 14.
The Heller system has many advantages and disadvantages, most of which were summarized in
Section 2.1.2. An added advantage due to the use of steam instead of a binary working fluid is
that this design dramatically reduces the volume of vapor that must be piped to the ACC. Figure
14 shows the design operating conditions for the power plant using the Heller system. Only the
components downstream of the turbine are shown. The overall performance of the power plant is
similar to the case using a binary working fluid, discussed in Section 2.1.2.
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Figure 14. The Heller system design operating conditions for the steam (175°C resource temperature) cycle power plant
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Figure 15 shows the net power production and condenser pressure as functions of the ambient
dry-bulb temperature for the Heller system steam cycle plant. The rate of net power reduction
with increasing ambient temperature is 274 kW/K, which is 12% higher than the steam cycle
ACC power plant.
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Figure 15. Variation of net power and condenser pressure for the steam (175 °C resource
temperature) cycle Heller system; the influence of doubling the loop flow is also indicated

2.2.3 Baseline Steam Cycle Power Plant Result Summary
The doubling of the flow through the secondary loop of the Heller system results in a 2%
increase in net power without the addition of any water cooling. The Heller system plant has a
12% higher rate of power reduction per °C increase in ambient air temperature than the ACC
system power plant. This results in a large potential to increase the power output with a wetassist system.
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Figure 15 includes two lines, one with the condensate loop flow fixed at design conditions and
another with this flow doubled. (In this illustration, neither an increased pressure drop penalty for
the loop nor any improvement in heat transfer performance in the ACHX is accounted for). By
doubling the loop flow, the temperature rise in the coolant is halved for the same duty.
Therefore, the loop coolant temperature drifts higher, increasing the temperature driving
potential for the ACHX. Doubling the loop flow increases the net power by about 260 kW
(approximately 2%) at all air temperatures, without the use of any additional water.

3 Hybrid Cooling Options
Since the baseline air-cooled configurations experience a sharp decline in the net power
production during hot periods of the day, hybrid cooling options were also analyzed. For the sake
of this report, hybrid cooling refers to use of water in addition to air for plant heat load rejection.
Hybrid cooling can be achieved with several designs. This investigation, however, is confined to
the following two methods that introduce wet cooling without added heat exchangers: 1)
evaporative cooling of the inlet air and 2) the use of water deluge to cool the air
cooler/condenser. Two configurations that require an additional heat exchanger are 1) the use of
a parallel wet-cooled surface condenser with an ACC and 2) the use of a wet-cooled heat
exchanger in series with the ACHX in the Heller system.
3.1

Pre-Cooling the Inlet Air to the ACC (Evaporative Cooling)

3.1.1 Wetted Media, Spray, or Fog
One method to improve the performance of the ACC (or the ACHX, though not analyzed in this
study) is to cool the intake air by evaporating water in the air flow. This method works well in
climates where the air is predominantly dry. The following three methods are commonly used to
reduce the air temperature, namely, flow through an evaporative water/air contact media or direct
water spray or water fog in the intake air. Figure 16 shows schematic diagrams of these
processes.

Figure 16. Alternative arrangements for inlet air evaporative cooling
A) Uses wetted gas-liquid contact media; B) Uses water spray or high pressure fog

The intake air enters the contact area to be humidified and cooled. In the case of wetted media,
the air can approach the wet-bulb temperature with an effectiveness of 80%. A drain pool below
the packing collects the overflow and redistributes it over the contact media. Brackish water may
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be used in this arrangement, but care has to be taken to minimize biofouling and clogging of the
packing. A certain amount of blowdown is necessary to maintain the water within acceptable
levels of dissolved solid content.
Work done by Kutscher and Gawlik [Kutscher 2003] at the Mammoth Pacific power plant
showed that the wetted media can be placed on hinged doors at air intake areas allowing the
operator to remove the packing when it is not in use. Thus, one can avoid excess pressure losses
in the air when cooling is not needed. In the particular system tested, they also observed an
increase in the pressure drop across the fan, but a decrease in the mass flow rate through the fan.
Thus, there was no net increase in the fan parasitic load.
When using high-pressure sprays (1,000-2,000 psi) to cool the inlet air (such as those used for
gas-turbine inlet air cooling), a compressed air stream helps generate water sprays of droplet
diameters less than 10 µm. This is called a fogging system. Droplet dispersion and overspray is
avoided with this type of system because the small droplets can more easily be evaporated into
the inlet air stream.
A spray system uses nozzles at a much lower pressure than a fogging system (typically less than
300 psi) and produces larger droplets on the order of 50 µm. Overspray and dispersion of the
droplets should be avoided, if possible. Local wind speed and direction may also carry the cooled
air away from the needed areas.
Both the spray and fogging systems can saturate the inlet air, i.e., the air can be fully cooled
down to its wet-bulb temperature. The purity of the water must be maintained for these systems
so that the nozzles do not get clogged and deposits do not accumulate over the condenser fin
surfaces. Proper water treatment will add to the system cost. Key advantages of these systems are
that they are easily installed with no severe obstructions to the air flow and that they can be
turned on and off as needed with a flip of a switch. The systems must be drained during cold
seasons to avoid freezing.
3.1.2 Deluge of the ACC
In a deluge system, the finned condenser tubes are deluged using water sprays. Air flows over
the wetted condenser tubes. With this method, the air is evaporatively cooled at the condenser
tubes. This system requires a large volume of water flow, which must be evenly distributed to
wet all of the heat exchanger surfaces. The air stream is able to carry the evaporated water away,
fully saturated at the air outlet temperature. A schematic diagram of the wetted surface air cooler
is shown in Figure 17.
Once again, brackish water can be used in this arrangement. Only about 3% to 5% of the
circulating water stream can be expected to evaporate, requiring large water reflux. The water
stream accumulates dissolved matter making a certain amount of blowdown necessary. An
advantage to this system from a cost perspective is that the same piece of equipment can be used
when air-cooling or water-cooling. However, dissolved solids can leave a residue on the
condenser hardware, which can result in corrosion of the condenser tubes and fins. It would be
essential to thoroughly wash the deluged tubes often throughout the day to remove all traces of
low-quality water. Lack of attention to the washing can cause corrosion of the heat exchanger
fins and surfaces and result in potentially costly replacements.
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An ideal application of this system is to use a specially fabricated evaporative condenser/cooler
that uses no fins and has galvanic corrosion protection. Such hardware is generally available in
the industry but at an added cost to the power plant.
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Figure 17. Schematic of an ACC with deluged heat-exchanger surfaces

For the sake of this analysis, it was assumed that the water used in these systems was at a
constant temperature of 25°C (see Table 1).
3.2

Hybrid ACC

Another method to improve the ACC performance is to use a wet-cooled surface condenser in
parallel with the ACC. This arrangement (hereafter called the hybrid ACC system) allows for the
ACC to reject a smaller load and operate at a lower internal temperature difference (ITD), which
increases the system performance. Figure 18 shows a schematic diagram of the arrangement.
Depending on the availability of water, a fraction of the turbine exhaust vapor is diverted to a
surface condenser. In this analysis, a range of sizes for the water-cooled portion, ranging from no
water use to the water use necessary to reject 30% of the total condenser load, were looked into.
This surface condenser is supplied with circulating water from a wet cooling tower. While it can
be turned on and off at will, freeze protection during cold nighttime conditions is required.
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Figure 18. An ACC with supplemental wet-cooled surface condenser in parallel (hybrid ACC)

3.3

Hybrid Heller

The hybrid Heller system uses an auxiliary wet-cooled heat exchanger in series with the ACHX
and a wet cooling tower for the added cooling, shown in Figure 19. The series arrangement
makes it possible to cool the entire coolant with water for this system, if necessary.

Figure 19. Schematic of the hybrid Heller system (wet-cooled heat exchanger in series with ACHX)

A range of sizes for the wet-cooled portion (ranging from no water use to the water use
necessary to reject 30% of the total condenser load) were studied. While the system can be
turned on and off at will (via a bypass valve), freeze protection during cold nighttime conditions
would also be required.
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4 Hybrid Cooling Results
The hybrid ACC and hybrid Heller systems are discussed in this section. As discussed in sections
3.2 and 3.3, the hybrid ACC system is a dry-cooled ACC system with a wet-cooled surface
condenser in a parallel configuration and the hybrid Heller system is a dry-cooled Heller system
with a wet-cooled heat exchanger in a series configuration.
The pre-cooled inlet air systems (i.e., fogging, spray, wetted media) and deluge systems are also
discussed. These systems were analyzed for the binary cycle power plants only and were not
modeled directly. Given a particular dry air and water mass flow rates, the extent of temperature
reduction in the inlet air is calculated first. Then, the power output from these systems was
calculated from the baseline system power curves using the inlet air temperature for the given
water consumption rate. Varied approaches to the wet-bulb temperature (saturation efficiency)
were used depending on the kind of evaporative cooler used in the system.
4.1

Binary Cycle Power Plants

The primary aim of this effort is to assess the benefits of water use to improve the power yield of
a dry-cooled power plant during hot periods of the day. Since the purpose of this analysis is to
minimize water use, heat rejection to air will remain the primary and major load carrier for heat
rejection. In the following discussions, water assisted heat rejection load is limited to a maximum
of 30% of the overall condenser load.
Given a particular rate for the evaporative water used, the sensible load on the ACC is reduced
by the amount of heat that can be carried away by the water evaporative flux. A load reduction
on the ACC results in lower condenser operating temperature and suction pressure and increased
turbine output.
Variations in the plant net power output as functions of the load percentage that the wet-cooled
assist carries at two different ambient temperatures are shown in Figure 20. The dry air mass
flow was maintained at the design condition to generate these results. At each temperature, as
expected, the net power increases with increasing water consumption. The net power increases at
a rate of approximately 133 kW per (kg/s) of water consumed, with 11 kg/s representing the
maximum consumption at 30% of the total heat rejection load.
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Figure 20. The net power variation as a function the wet-assist load fraction for the binary (158°C
resource temperature) cycle hybrid ACC system
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Figure 21. The net power variation as a function the wet-assist load fraction for the binary (125°C
resource temperature) cycle hybrid ACC system

The net power output increases by approximately 122 kW per (kg/s) of evaporative water use for
the 125°C resource temperature hybrid ACC system (see Figure 21), approximately 8% less than
the 158°C resource temperature hybrid ACC system shown in Figure 20.
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Figure 22. The net power variation as a function the wet-assist load fraction for the binary (158°C
resource temperature) cycle hybrid Heller system

The net power output increases by approximately 132 kW per (kg/s) for the hybrid Heller system
with a resource temperature of 158°C (Figure 22) and 103 kW per (kg/s) when using the hybrid
Heller system with a resource temperature of 125°C (see Figure 23). The water consumption
represented at 30% of the total condenser load is 16 kg/s and 10 kg/s for the hotter and colder
resource temperatures, respectively.
For the 125°C resource temperature hybrid Heller system, there is a 22% decrease in the net
power production per (kg/s) of evaporative water use compared to the 158°C resource
temperature hybrid Heller system. The difference in wet-assist improvements between resource
temperatures is more pronounced in the Heller system than the ACC system.
The hybrid ACC system for the 125°C resource temperature also has more potential for power
increase with a wet-assist compared to the hybrid Heller with the same resource temperature.
There is a 19% difference between the two systems. For the 158°C resource temperature, the
systems perform similarly, with an approximate 1% difference between the two.
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Figure 23. The net power variation as a function the wet-assist load fraction for the binary (125°C
resource temperature) cycle hybrid Heller system

4.2

Steam Cycle Power Plants

Vapor from the turbine is split at its highest pressure (right after the turbine exhaust) to a wetcooled condenser and an ACC (recall Figure 16) for the steam cycle hybrid ACC system. The
wet-cooled condenser is shown as a deluged condenser; it can also be a surface condenser cooled
using a wet-cooling tower.
Figure 24 shows the variations of the net power of the hybrid ACC system with a wet-cooled
condenser in parallel at two different ambient dry-bulb temperatures. The net power increases
linearly with increased water use and decreasing ambient temperature at a rate of approximately
174 kW for each additional (kg/s) of water used.
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Figure 24. Net power production as a function of the wet-assist condenser load for the steam
(175°C resource temperature) cycle hybrid ACC system

The performance of the hybrid Heller system was modeled and the results are summarized in
Figure 25. The net power produced by the plant is plotted as a function of evaporative water use
at three different ambient dry-bulb temperatures. The net power increases with increased water
use at a rate of approximately 170 kW per (kg/s) of evaporative water used.
Both hybrid steam cycle systems exhibit a similar increase of power with the addition of
evaporative water use with the ACC hybrid system performing 2% higher than the hybrid Heller.
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Figure 25. Net power as a function of the wet-assist condenser load for the steam (175°C resource
temperature) cycle hybrid Heller system
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5 Economic Evaluations
Economic evaluations for these systems were conducted assuming time-of-delivery (TOD)
factors are available for the plant. This factor represents the cost multiplier for the base
electricity price (i.e., what is paid to the electricity seller); it increases during high demand times.
It is available for the state of California and increases by a factor of 3 during times of high
demand (see Table 2) [Public Utilities Commission 2009]. The average market price reference
(MPR) value (i.e., the average flat rate price of electricity) used for these analyses was 0.1
$/kWh [Public Utilities Commission 2009]. TOD factors and the market price reference (MPR)
value work together to determine the plant revenue throughout the day. These factors are
structured such that a plant running 24 hours a day, 7 days a week, with a constant output would
see no change in annual revenue. These factors incentivize production improvements during
peak hours.
Table 2. 2009 Time of Delivery Values for California

Season
JuneSeptember

Period

Definition

Factor

On Peak
MidPeak
Off Peak

Weekdays 12 p.m. – 6 p.m. except NERC holidays
Weekdays 8 a.m. – 12 p.m., 6-11 p.m. except NERC
holidays
All other hours

3.13
1.35
0.75

Consider an average July day temperature variation at the plant location, obtained using typical
meteorological year (TMY) weather data at Reno, Nevada [Wilcox 2008], as shown in Figure
26. The ambient dry-bulb temperature peaks at around 1 p.m. at a value of 33°C. The wet-bulb
temperature is lower and reaches a maximum of about 15°C during mid day. This difference
between the dry-bulb and wet-bulb temperature allows for evaporatively cooling the intake air.
With an air flow rate of about 6,600 kg/s, the amount of water that can potentially be evaporated
at intake reaches a maximum of 45 kg/s.
However, to maintain the goal of using a minimal amount of water, we limited the maximum
amount of water use to carry only 30% of the overall condenser load for the wet-assist analyses.
The maximum water evaporated for each system is shown in Table 3. The pre-cooled inlet air
systems were limited to the hybrid ACC consumption values.
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Table 3. Water Consumption for all of the Systems at 30% of the Heat Rejection Load

System

Resource
Temperature
(°C)

Evaporative Water
Consumption
(kg/s)

Water

-

45

158

11

125

8

175

14

158

16

125

10

175

20

Steam hybrid ACC
Binary hybrid
Heller

Ambient Air Temperature [°C]

Steam hybrid
Heller

35

49

30

42

25

35

20

28

15

21

10

14

5

7

0

0
0

4

8

12

16

20

Time of Day
Dry Bulb Temperature

24

Potential Evaporative Mass Flow [kg/s]

Binary hybrid ACC

Wet Bulb Temperatures

Air Potential for Evaporative Loss
Figure 26. Average July day temperature profile and air evaporation potential in Reno, Nevada
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5.1

Binary Cycle Power Plant Results

Figure 27 shows the variation of net power from both the 125°C and 158°C resource temperature
power plants as a function of the time of the day (without any water use) for the weather data in
Figure 26. The power curves take on a sinusoidal variation, similar to the ambient dry-bulb
temperature, with a decrease in the net power during hottest periods of the day.
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Figure 27. Net power variation for an average day in July in Reno, Nevada, for the binary cycle
plants with time of the day for the dry-cooled systems

The net power results shown in Figure 28 were acquired using the addition of a wet-cooling
system and limiting the amount of water used to a maximum of 30% of the condenser load. The
wet assist system is turned on at 10 a.m. and off at 6 p.m. and, as Figure 28 illustrates, limiting
the water consumption to 11 kg/s and maintaining a saturation efficiency of 80% for the hybrid
ACC, fogger, and wetted-media systems, and 75% for the spray system.
This yielded a maximum increase of 1.4 MW in power production. The deluge system, which
was modeled assuming that the outlet air of the ACC was completely saturated, exhibited a
maximum of a 2 MW increase in power production.
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Figure 28. Net power over the course of the day for the (158°C resource temperature) wet-assisted
ACC systems
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5.2

Steam Cycle Power Plant Results

Figure 29 shows the variation of net power from both the ACC and Heller baseline power plants
as a function of the time of the day (without any wet-cooling). The power curves take on a
sinusoidal variation, similar to the ambient dry-bulb temperature, with a decrease in the net
power during hottest periods of the day. Note also that the Heller system performs slightly better
than the ACC system at lower ambient temperature, but similarly during hot periods of the day.
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Figure 29. Net power variation for the dry-cooled steam cycle power plants over the course an
average day in July in Reno, Nevada

The wet-assist system is turned on at 10 a.m. and off at 6 p.m. and, as Figure 30 illustrates, the
hybrid Heller system exhibits a larger increase in power during this time (compared to the Heller
baseline) than the hybrid ACC does compared to the ACC baseline. Lower condenser suction
pressure in the ACC does not directly translate to a lower turbine back pressure on account of the
steam distribution manifolds.
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Figure 30. Net power for the steam cycle plants (175°C resource temperature) over the course of
an average day in July in Reno, Nevada, using hybrid cooling systems
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6 Relative Performance and Cost
This section discusses the benefit of adding the hybrid cooling options to the dry-cooled systems
for the hottest periods of the day in Reno, Nevada. The benefit is presented as both an
incremental net power (the difference between the net power from the dry-cooled system and the
hybrid system) and incremental revenue. The revenue of the dry-cooled systems was calculated
using the MPR value and TOD factors presented in Section 5.
Equipment costs were evaluated for surface equipment only (e.g., heat exchangers, pumps, fans,
cooling towers). The revenue of the hybrid systems was calculated in the same manner as the
dry-cooled systems with the additional cost of water subtracted out. It was assumed that the wetassist system operates at a maximum of 30% of the total condenser load for 1,000 hours per year
during weekday, non-holiday hours from 10 a.m. to 6 p.m..
6.1

Binary Cycle Power Plants

To assess the economics of water use, we dealt with incremental power yield as a function of the
incremental water use and the capital cost associated with the incremental needed equipment.
The additional revenue obtained (because of the water use) was isolated by subtracting the
baseline design case from that for the water-assisted case.
Assuming that water is purchased from outside sources, the cost of water (assumed to be an
average of $1.38/1,000 gallons [Turchi 2010]) was subtracted from that revenue to obtain a net
return from the auxiliary wet cooling system.
Figures 31 and 32 show the incremental power (i.e., the power output with the hybrid cooling
assist minus the power from the baseline dry-cooled system) for a typical hot day in July for a
plant located in Reno, Nevada, for the hybrid ACC system. The wet-cooling system can be
expected to operate for about 1,000 hours (or about 125 days of 8-hour operation/day) during the
course of a year.
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Figure 31. Incremental net power and water consumption for the 158°C resource temperature
binary cycle hybrid ACC system
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Figure 32. Incremental net power and water consumption for the 125°C resource temperature
binary cycle hybrid ACC system

The water consumption is limited during the hottest periods of the day to the water consumption
necessary to handle 30% of the total condenser load. The incremental power during the times
when the wet-assist is used is constant for both resource temperature plants.
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Figures 33 and 34 illustrate the incremental net power for the hybrid Heller systems. Sharp
changes in the slope are periods of time where the TOD factor changes. The hybrid Heller
system is sensitive to these changes for both resource temperatures. The incremental net power
for the 158°C resource temperature plant is approximately 40% higher than that seen in the
hybrid ACC system. The lower resource temperature plants are more similar in incremental
power, with the hybrid ACC system yielding a 17% higher incremental power output than the
hybrid Heller system.
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These Figures (30-34) also show the water consumed for all of the cases. It should be noted that
though the 30% load case is shown, the plant operator can reduce the water use at any time by
adjusting the cooling load distribution.
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Figure 33. Incremental net power and water consumption for the 158°C resource temperature
binary cycle hybrid Heller system
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Figure 34. Incremental net power and water consumption for the 125°C resource temperature
binary cycle hybrid Heller system

In order to assess the economic viability of the supplemental wet cooling option, a simple
payback for each system is calculated. The revenues are assessed below and the costs associated
with the water use are assessed in Section 6.1.1. These calculations lead to an estimation of the
potential payback period and are presented later.
Figures 35 and 36 translate these results into the added revenue realized based on the incremental
water use. The added revenue takes on a similar shape to the incremental power production
curves. Any sharp increase in the curves is associated with the changes in TOD factor. The
incremental return resulting from the hybrid ACC systems are estimated to be $0.37 million per
year for the 158°C resource temperature plant and $0.27 million per year for the 125°C resource
plant. The incremental return resulting from the hybrid Heller systems are estimated to be $0.56
million per year for the 158°C resource temperature plant and $0.27 million per year for the
125°C resource temperature plant.
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Figure 35. Incremental profit for the binary cycle hybrid ACC systems

Incremental Profit [$]

700
600
500
400
300
200
100
0
0

4

Legend Temperatures in °C

8

12

16

20

24

Time of Day

Heller-158 Hybrid

Heller-125 Hybrid

Figure 36. Incremental revenue for the binary cycle hybrid Heller systems

6.1.1 Payback Period for the Binary Cycle Power Plants
The payback period was calculated based on the added system costs associated with the wetcooling equipment. Table 4 summarizes the incremental costs for the hybrid plants. The wetcooling assist is limited to handling a maximum of 30% of the overall condenser load.
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Correspondingly, the wet cooling tower is sized to handle a maximum of 30% of the heat
rejection load.
Costs for the cooling tower, surface condenser, and water pumps are included in the table. These
costs were derived using cost equations from Matches.com for the cooling tower [Matches
2003]. The pump and turbine costs were calculated using cost equations from Product and
Process Design Principles [Seider 2009] and the heat exchanger costs were calculated using a
quote from GEA Heat Exchangers [Smith 2010].
Table 4. Results Summary for the Binary Cycle Hybrid Systems

Resource
Temperature
(°C)

Cooling
Tower
(M$)

Pump
(M$)

WCHX
(M$)

WaterCooled
Condenser
(M$)

Total Cost
(M$)

Simple
Payback
Period
(Years)

Binary
hybrid
ACC

158

1.8

0.06

N/A

0.22

2.1

5.9

125

1.2

0.04

N/A

0.13

1.4

4.6

Binary
hybrid
Heller

158

1.8

0.09

0.39

N/A

2.2

3.9

125

1.3

0.08

0.42

N/A

1.8

6.9

System

*

Calculated assuming an average cost of water of $1.38 per thousand gallons

The payback period was calculated using the incremental cost of equipment between the baseline
power plants and the hybrid plants. Since water costs are relatively low compared to equipment
cost, increased water costs lengthen the payback times only slightly for both when water costs
were varied from $0.30 - $2.50 per 1,000 gallons.
The payback period for the hybrid ACC 125°C resource temperature plant varies from 4.5 to 4.7
years. For the 158°C resource temperature hybrid ACC plant, the payback periods are longer,
varying from 5.7 to 6.1 years.
The payback for the 158°C resource temperature hybrid Heller plant varies from 3.8 to 4.0 years.
For the colder resource temperature plant, the payback periods are somewhat longer, ranging
from 6.6 to 7.2 years.
Recall that the hybrid Heller system for the larger plant exhibited a much higher incremental
return compared to the hybrid ACC system. As Table 4 illustrates, the incremental equipment
costs are relatively similar for both hybrid systems. So, the increase in the incremental revenue
available for the hybrid Heller systems represents a much smaller payback period for the 158°C
resource temperature power plant.
For the 125°C resource temperature power plant the incremental revenue is higher for the hybrid
Heller system. The equipment costs for the hybrid Heller system are also higher than the hybrid
ACC system. This results in a longer payback period.
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Table 5 shows the estimated incremental equipment costs, incremental revenue, and payback
period calculations for the fogger systems, spray systems, wetted-media systems, and the deluge
systems. Since detailed information regarding the ACCs modeled in this report is not known,
system quotes were obtained from vendors using the unit at RMOTC. A power law relationship
was then used to scale costs to the systems analyzed in this report.
The incremental equipment costs are for surface equipment only and do not include additional
piping or installation costs. The incremental equipment cost for the fogging systems were
estimated using an average cost from three vendors: Atomizing Systems, Inc. [Elkas 2010], MEE
Industries [Peterson 2010], and Caldwell Energy, Inc. [Shepherd 2010] and an exponent of 0.7.
The spray system equipment cost estimate is based on costs from an EPRI study using sprays to
cool the inlet air to an ACC in a fossil plant [EPRI 2002] and an exponent of 0.7. The wettedmedia cost was estimated based on an equipment quote from Munters, Inc. [Delman 2011] and
an exponent of 0.75. It was assumed that the only incremental equipment necessary for the
deluge system is a pump to re-circulate the water over the condenser tubes.
The same amount of water consumption as the hybrid power plants shown in previous sections
was used for the pre-cooled inlet air systems. The fogger and wetted-media systems were
modeled with a wet-bulb approach effectiveness of 80%. The spray systems were modeled using
a 75% wet-bulb approach effectiveness. For the deluge system, the air at the outlet of the ACC
was assumed to be fully saturated.
The deluge system provides the shortest payback period since the only necessary incremental
equipment is the pump needed to deluge the ACC. The costs associated with fin degradation,
which is an issue for a deluge system such as a water treatment system, were not included in the
costs listed in Table 5. The water used to pre-cool the inlet air (and for the deluge system) was
assumed to be at a constant temperature, and cooling water equipment costs were not included in
the incremental equipment costs for any of these systems.
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Table 5. Results Summary for the Binary Cycle Pre-cooled Inlet Air Systems

Evaporative
Cooling System

Wetted-Media

Fogging

Spray

Deluge
*

Resource
Temperature
(°C)

Incremental
Equipment
Costs
(M$)

Incremental
Annual Net
Revenue
(M$)

Simple
Payback
Period*
(Years)

158

3.3

0.36

9.4

125

2.0

0.27

7.4

158

2.2

0.36

6.1

125

1.7

0.27

6.5

158

0.21

0.36

0.60

125

0.27

0.27

1.0

158

0.06

0.49

0.13

125

0.04

0.38

0.10

Calculated assuming an average cost of water of $1.38 per thousand gallons and applying TOD factors

Incremental revenue based on time-of-delivery rates will depend upon the local market
conditions as well. A flat rate for electricity will result in smaller incremental revenue, which
would increase the payback period for these systems.
6.2

Steam Cycle Power Plants

Figure 37 shows the incremental revenue for the hybrid systems on a typical hot day in July for a
plant located in Reno, Nevada. TOD rates and the MPR value discussed previously (Table 2)
were used in calculating the revenue. The incremental revenue resulting from the hybrid systems
(calculated assuming the wet-assist is used for 1,000 hours of the year, during weekday, nonholiday hours from 10 a.m. to 6 p.m.) are estimated to be $1.4 million per year for the ACC
hybrid and $1.3 million per year for the Heller hybrid system assuming 100% plant availability.
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Figure 37. Incremental profit for the steam cycle hybrid ACC and hybrid Heller systems

If the water used in the hybrid systems is obtained from the flash/condense operation at the
evaporator, adequate water should be available for six to eight hours of operation a day for the
wet-cooling assisted systems. The water must be cooled and stored for use at appropriate times,
the cost of which is not included in this study.
6.2.1 Payback Period for the Steam Cycle Power Plants
Estimates for the cost of the auxiliary wet-cooled system vary with installed capacity. Costs
associated with the conversion of the baseline plant to a hybrid (for the ACC this is the parallel
cooling system; for the Heller system this represents the wet-cooling assist in series) system are
summarized in Table 6.
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Table 6. Results Summary for the Steam Cycle Hybrid Systems

System

*

Resource
Temperature
(°C)

Cooling
Tower
(M$)

Pump
(M$)

WCHX
(M$)

Watercooled
Condenser
(M$)

Total Cost
(M$)

Simple
Payback
Period*
(Years)

Steam
hybrid
ACC

175

1.53

0.039

N/A

0.012

1.58

1.1

Steam
hybrid
Heller

175

1.53

0.157

0.026

N/A

1.71

1.2

Calculated assuming an average cost of water of $1.38 per thousand gallons and applying TOD factors

The total incremental cost of the hybrid Heller system is higher than the incremental costs for the
hybrid ACC system largely due to the pumping requirement. The hybrid Heller system also
requires a larger wet-cooled heat exchanger because of the introduction of the secondary loop,
which results in a reduction of the driving potential for heat exchange in the ACHX.
Similarly to the results of the binary cycle power plants, the payback period for the steam cycle
power plants increases with increasing water costs. The effect of the cost of water on the
payback for the steam cycles, however, is negligible. The payback period for the hybrid ACC
system varies from 1.12-1.14 years and the payback period for the hybrid Heller plant is 1.2-1.24
years with water cost varying from $0.3-$2.46 per thousand gallons.
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7 Summary
An investigation of wet-cooling additions to heat rejection systems of geothermal power plants
rejecting heat to air was carried out in this report. Two binary power plants (using brine resource
temperatures of 158oC and 125oC) were analyzed as well as a steam power plant (using a brine
resource temperature of 175oC).
Binary plants were analyzed with the following hybrid heat rejection configurations: cooling the
inlet air to an ACC, deluge of the ACC, a wet-cooled surface condenser in parallel with the
ACC, and a wet-cooled heat exchanger in series with an ACHX.
Steam power plants were also analyzed with analogous configurations. The next phase of the
project is to implement a hybrid cooling strategy to an existing power plant. Since most low
temperature geothermal power plants are binary power plants, steam plants with the pre-cooled
inlet air or deluge systems were not analyzed.
To address the limited availability of water, we restricted the water use to handle a maximum of
30% of the total condenser load. The time of operation with the wet assist was also limited to a
cumulative time period of 1,000 hours of operation (during the hottest times of the day) in a year.
As a result of these restrictions, water use was reduced to about 3.5% of the evaporative water
use for a fully wet-cooled plant.
Table 7 provides a summary of results for the baseline plants with the cost of water at
$1.38/1,000 gallons. Plant costs and water consumption amounts for the wet-cooled heat
rejection system are included for comparison. Plants with air-cooled heat rejection systems cost
more and yield less power.
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Table 7. Results Summary for the Baseline Power Plant Cooling Systems
Cooling
Configuration

System

Water-Cooled

Indirect-air
cooling

Air-Cooled

Units

Resource
Temperature

Energy
Output*

Surface
Equipment
Cost#

Net
Revenue
w/ Flat
Rate+

Consumptive
Evaporative
Water Use

(°C)

(MWh/yr)

(M$)

(M$/year)

(1,000 gallons/year)
(acre-ft/year)

158

157,830

16.2

15.8

0

125

85,450

9.7

8.6

0

175

202,550

16.4

20.3

0

158

149,970

14.8

15.0

0

125

79,770

9.7

8.0

0

175

206,200

17.0

20.6

0

158

183,960

14.4

18.4

374,910
(1151)

125

96,360

8.7

9.6

374,910
(1151)

175

219,000

12.8

21.9

374,910
(1151)

Binary
ACC

Steam
ACC

Binary
Heller

Steam
Heller

Binary
Water

Steam
Water

*

Averaged over the year based on weather conditions in Reno, Nevada. Plant availability is assumed to be 100%.
Quoted values are restricted to surface equipment only (e.g., heat exchangers, pumps, fans, turbine, cooling tower).
For full plant costs including wells, pipe lines, brine pumps, installation and operations and maintenance costs and
more rigorous financial controls, refer to the System Advisor Model [Gilman 2010] or the Geothermal Electricity
Technology Evaluation Model [GETEM 2009].
+
An average market price reference of $0.1/kWh was used to calculate the flat rate net revenue.
#
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Table 8 shows the impact of pre-cooling the inlet air to the ACC and the deluge system.
Incremental costs for the added equipment based on vendor system quotes are included.
However, these costs do not include water treatment costs.
The incremental power output and the revenue from its sale are included. The incremental
revenues for the plants are estimated for both a flat rate and TOD rates. Simple payback periods
for these systems are calculated based on the incremental equipment cost. The payback periods
are shorter when TOD rates are applied.
The deluge system resulted in the shortest payback period. This is because the only equipment
necessary to deluge an existing ACC is ground water and a simple pump. However, the deluge
system comes with many drawbacks. One of the major drawbacks is the potential for corrosion
of the fins and condenser tubes. This would have to be addressed using water rinses or a
protective coating on the fins and therefore is considered an R&D item. Further advantages and
disadvantages of all of the hybrid systems are discussed in Table 10.
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Binary Wet-assist configuration

158
WettedMedia§

3.3
(20.4)

911

2.0

Fogging§§

Spray§§

(yr)

0.12
(0.8)

(1.1)

(20.6)

1,353
(0.8)

2.2
(13.6)

963

1.7
(17.5)

1,353
(0.8)

0.21
(1.3)

963

0.27

0.36

0.12
(0.8)

1,892
158
(1.2)
1,391
125
(1.6)

7.4

21.8

6.1

17.8

6.5

19.0

0.60

1.8

1.0

3.0

0.13

0.37

0.10

0.28

0.09
(1.1)
0.36

0.12
(0.8)
0.09

0.27
(1.1)

27.7

(1.1)

0.27
(1.1)

9.4

(1.1)

(2.8)

0.17

0.06
(0.4)

0.49

0.04
(0.4)

0.38

(1.1)

**

0.13
(1.4)

Consumptive
Evaporative Water
Use++

(yr)

0.09

125

Deluge‡

(M$/yr)
In (%)

0.27

125

158

(M$/yr)

0.36

125

158

Payback Period with a
Flat Rate

1,353
(0.8)

Payback Period with
TOD

(M$)
In (%)

Incremental Net
Revenue with a Flat
Rate+

Incremental
Equipment Cost

(MWh/yr)
In (%)

Incremental Net
Revenue with TOD**

(°C)

Incremental Energy
Output

Resource
Temperature

System

Table 8. Results Summary for the Pre-cooling Inlet Air and Deluge Systems

(1,000
gallons/yr)
(acre-ft/yr)
(%)

10,464
(32)
(2.8)
7,620
(23)
(2.0)
10,464
(32)
(2.8)
7,620
(23)
(2.0)
10,464
(32)
(2.8)
7,620
(23)
(2.0)
10,464
(32)
(2.8)
7,620
(23)
(2.0)

Assuming the wet-assist is turned on for 1,000 hours/year, during weekday non-holiday hours from 10 a.m.- 6 p.m.
and applying TOD factors shown in Table 2.
++
Assuming the wet-assist system operates at maximum of 30% of the total condenser load for 1,000 hours/year.
§
Wetted-media such as Munter’s packing with a hinged door type system for removal when system not in use.
‡
A water wash is required after deluging the ACC to prevent fouling and corrosion. These costs are not included in
the incremental equipment costs.
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Table 9 presents the results for systems that use an auxiliary wet-cooled condenser/heat
exchanger either in parallel with the ACC or in series with the Heller arrangement. Payback
periods based on the incremental costs and revenues range from a minimum of less than 2 years
to a maximum of about 7 years.

Binary
hybrid
Heller

Steam
hybrid
Heller

Payback Period with a
Flat Rate

(M$)
In (%)

(M$/yr)

(M$/yr)
In (%)

(yr)

(yr)

(1,000
gallons/yr)
(acreft/yr)
(%)

158

1,335
(0.8)

2.1
(13)

0.36

0.12
(0.8)

5.9

17.4

125

1,152
(1.3)

1.4
(14)

0.30

0.10
(1)

4.6

15.3

10,464
(32)
(2.8)
7,620
(23)
(2.0)

175

3,100
(1.5)

1.6
(10)

1.4

0.23
(1)

1.1

7.0

Consumptive
Evaporative Water
Use++

Payback Period with
TOD

(MWh/yr)
In (%)

Incremental
Equipment Cost

(°C)

Incremental Energy
Output

Incremental Net
Revenue with a Flat
Rate+

Steam
hybrid
ACC

Incremental Net
Revenue with TOD**

a wet-assist heat exchanger

Systems with

Binary
hybrid
ACC

Resource Temperature

System

Wet-assist
configuration

Table 9. Results Summary for the Hybrid Cooling Systems Using an Auxiliary Wet Surface Condenser or
Heat Exchanger

13,320
(41)
(3.6)

158

2,286
(1.5)

2.2
(15)

0.57

0.21
(1)

3.9

10.6

125

994
(1.2)

1.8
(19)

0.26

0.09
(1)

6.9

20.9

175

3,100
(1.5)

1.6
(9)

1.31

0.22
(1)

1.2

7.2

15,216
(47)
(4.1)
9,540
(29)
(2.5)
19,020
(58)
(5.0)

Table 10 lists the major advantages and disadvantages of each of the hybrid cooling systems. The
deluge, spray, and fogging systems require a higher quality of water than the other systems.
While the deluge system allows a single piece of equipment to operate both as a dry and a wet
cooler and exhibits the shortest payback period, a large volume of re-circulating water is
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necessary to fully wet all of the heat exchange surfaces. Furthermore, an ACC operating in
deluge mode is vulnerable to corrosion of the thin aluminum fins attached to the tubes.
Commercial evaporative condensers are not subject to fin corrosion because they use bare (i.e.,
no fins) galvanized condenser tubes, but they will not work as ACCs because of their lack of
extended surface area.
Fogging systems are expensive because of the high pressure necessary to produce very small
droplets (~10 microns). These systems also require a large number of nozzles each operating at
low flow rates. The advantage of a fogging system is that it is modular and easy to install and
operate as needed. The small droplets evaporate more readily into the air stream resulting in a
low potential for mineral deposition on the condenser tubes.
Spray systems that operate at pressures less than approximately 300 psi result in larger sized
droplets, which will require a mist eliminator in the air intake stream. This results in a small
additional pressure drop that must be overcome. These systems, however, are much less
expensive than the fogging systems for the same capacity. As with the fogging systems, the
spray system is easy to install and operate as needed.
The wetted-media system is another high cost option. The wetted-media will create a high
pressure drop in the air stream. As a result, it is beneficial to mount the media on hinged doors so
that the wetted-media can be removed when not in use. This adds maintenance costs as well as
equipment costs.
Of the pre-cooled inlet air systems, the spray system represents the most viable option in dry
climates since it does not require a large volume of water and it allows the inlet air to potentially
be fully saturated.
The hybrid (hybrid ACC and hybrid Heller) systems with auxiliary wet-assist have similar
incremental equipment costs when compared to the fogger systems. Hybrid cooling systems are a
known technology. The equipment necessary is readily available, modular, and can be easily
installed.
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Table 10. Summary of the Advantages and Disadvantages of Each Wet-assist Cooling System

Systems with a wetassist heat exchanger

Wetassist
scheme

System

Hybrid ACC

Hybrid
Heller

Binary
Wetted
Media

Advantages

•
•
•
•
•
•
•
•
•
•
•
•
•

Lowers ACC load
Lowers condenser suction pressure
Off-the shelf equipment
Readily designed and installed
Easily bypassed when not needed
Series arrangement for loop flow
Potential to cool full load with
auxiliary heat exchanger
Off-the shelf equipment
Readily designed and installed
Easily bypassed when not needed
Off-the shelf equipment
Readily designed and installed
Lower quality water may be used

Disadvantages

•
•

Relatively high equipment cost
Relatively long payback period

•
•

Relatively high equipment cost
Relatively long payback period

•
•

Increased air flow pressure drop
Higher fan power required to
maintain air flow rate
Packing must be replaced often
Chemicals necessary to minimize
deposits and fouling
Media must be removed when not
in use
Longest payback period
High quality water necessary to
minimize clogging of nozzles
High pressure(~1,000-2,000 psi) is
needed to generate fog
Relatively long payback period

•
•
•

ACC pre-cooled inlet air systems

•
Binary
Fogging

•
•
•

•
•

•
•

•

Inlet air can be cooled down to the
wet-bulb temperature
Negligible parasitic load and
pressure drop
Relatively short payback period

•
•
•

Lower quality water may be used
Outlet air can be saturated
Shortest payback period

•

•
Binary
Spray

Inlet air can be cooled down to the
wet bulb temperature
Modular technology
Negligible parasitic load and
pressure drop
Small droplets evaporate easily in
inlet air stream

•
•

•

•

•
•

Binary
Deluge

•
•
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Local wind may carry spray away
High quality water necessary to
minimize clogging of nozzles
Potential for un-evaporated
droplets to impact heat exchanger
fins
High potential for corrosion of heat
exchanger tubes and fins
High quality water needed for
washing to minimize corrosion and
fouling of fins
Requires lower air flow to limit
water use
Heat exchanger coatings are not
yet available in the market
Large volume water reflux flow is
needed to fully wet all heat
exchanger surfaces

Key findings are presented below.
Binary Systems
•

Baseline Plants: The Heller systems have a higher power output than the ACC systems for
both resource temperatures. The rate at which the power decreases with increasing ambient
temperature for the baseline Heller system for the 158°C resource temperature is 9% greater
than the ACC with the same resource temperature. For the 125°C resource temperature, the
rate is 4% greater with the Heller system than with the ACC.

•

Hybrid ACC System: The payback period for the hybrid ACC 125°C resource temperature
plant varies from 4.5 to 4.7 years (as the water cost was varied from $0.3-$2.46 per thousand
gallons). For the 158°C resource temperature resource temperature hybrid ACC plant, the
payback periods are longer, varying from 5.7 to 6.1 years (with water cost varying from $0.3$2.46 per thousand gallons).

•

Hybrid Heller System: The payback for the 158°C resource temperature hybrid Heller plant
varies from 3.8 to 4.0 years (with water cost varying from $0.3-$2.46 per thousand gallons).
For the colder resource temperature plant, the payback periods are somewhat longer, ranging
from 6.6 to 7.2 years (with water cost varying from $0.3-$2.46 per thousand gallons).

•

Fogging System: The fogging system is an effective means of increasing the power output
during hot periods of the day by pre-cooling the inlet air to the ACC. Implementation of the
system, however, is hindered by high system costs. The high cost of the system results in
payback periods of 6.1 years (assuming a water cost of $1.38 per thousand gallons and that
TOD rates apply) for the 158°C resource temperature. The payback period for the 125°C
resource temperature plant was 6.5 years (assuming a water cost of $1.38 per thousand
gallons and that TOD rates apply).

•

Spray System: The spray system resulted in the same incremental power output as the
fogging system. However, the spray system is much more economical. This resulted in a
shorter payback period. The payback period for the 158°C resource temperature plant was
0.60 years (assuming a water cost of $1.38 per thousand gallons and that TOD rates apply).
The payback for the 125°C resource temperature plant was 1.0 year (assuming a water cost of
$1.38 per thousand gallons and that TOD rates apply).

•

Deluge System: The deluge system is found to be economical because it requires very little
additional equipment and can yield a large power increase over a dry-cooled configuration.
The payback period for the deluge system was 0.13 years (assuming a water cost of $1.38 per
thousand gallons and that TOD rates apply) for the 158°C resource temperature plant. The
payback period for the 125°C resource temperature plant was 0.10 years (assuming a water
cost of $1.38 per thousand gallons and that TOD rates apply). However for the deluge
system, the potential for corrosion of the heat exchanger components must be dealt with
effectively.

•

Wetted-Media System: The wetted-media systems have a similar incremental power output
as the fogging and spray systems. Economically, the incremental equipment costs are more
than the costs for the deluge and spray systems. Payback periods were 9.4 years for the
158°C resource temperature plant and 7.4 years for the 125°C resource temperature plant
(assuming a water cost of $1.38 per thousand gallons and that TOD rates apply).
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Steam Systems
•

Baseline Plants: The doubling of the flow through the secondary loop of the Heller system
results in a 2% increase in net power without the addition of any cooling water. The Heller
system has a 12% higher rate of power reduction per °C increase in ambient air temperature
than the ACC system. This results in a large potential to increase the power output with a
wet-assist system.

•

Hybrid ACC System: The payback period for the hybrid ACC system varies from 1.12-1.14
years with water cost varying from $0.3-$2.46 per thousand gallons.

•

Hybrid Heller System: The payback period from the hybrid Heller plant is 1.2-1.24 years
with water cost varying from $0.3-$2.46 per thousand gallons.
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8 Conclusions
Geothermal power plants that use air as the heat rejection media suffer large losses in production
capacity (>50%) during hot summer days. Such hot periods often occur about 1,000 hours during
the course of a year. One method for reducing this loss is to use the available water to assist in
heat rejection and decrease the condenser pressure during those hot periods of the day.
In this study, we looked at using water to carry a nominal 30% of the heat rejection load from the
power plant. By limiting the duration of operation with wet-assist to 1,000 hours during a year,
the overall water consumption by the plant was capped at less than 3.5% of the water use in a
fully wet-cooled power system.
We evaluated pre-cooling the intake air (using fog, sprays, and evaporative cooling media) and
using wet-cooled heat exchangers (in parallel or in series) with the air-cooled heat rejection
system. A basic air-cooled plant requires added equipment to implement wet-assist schemes. For
the various schemes, we evaluated the cost for the added equipment. We also evaluated the
incremental power produced and the associated incremental revenue for these schemes. The
overall benefit of the wet-assist is evaluated in terms of payback periods. The shorter the
payback period, the better the system is in an economic sense. However, the payback period does
not tell the whole story.
For each of the evaluated schemes, there are many advantages and disadvantages. One of the key
considerations in their evaluation is that the wet-assist system should not interfere with the
normal plant operation when the wet-assist is not operational (or needed).
With these criteria in mind, we find the following two systems as the most practical for use.
1. Pre-cooling the inlet air to the air-cooled heat rejection system using sprays. In this
scheme, commercially available misting nozzles are placed in a grid in the path of the
intake air. Mist eliminators are introduced downstream of the sprays to capture unevaporated water droplets. The mist eliminators must be carefully selected to
minimize air-side pressure loss. Pre-cooling of the inlet air has the potential to cool
the air down to close to its wet-bulb temperature with an effectiveness of about 75%.
This scheme is effective in dry climates where there is a large difference between the
air dry-bulb and wet-bulb temperatures. The payback period for such systems was
less than 2 years for both resource temperatures, assuming TOD rates were
applicable.
2. Introduction of a wet-assist heat exchanger/surface condenser (hybrid ACC). In this
scheme a conventional wet cooling tower is added to the system. Water from the
tower takes heat away from either an added surface condenser or from the hot
coolant. The tower and water streams are sized to handle about 30% of the overall
heat rejection load from the plant. The other 70% of the load is carried by the aircooled heat rejection system. This scheme uses conventional technology with readily
available off-the-shelf commercial equipment. It is easy to implement. The payback
period for this type of system was estimated to range from 4.5 to 6.1 years.
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Considering the above two schemes, we find that the second approach requires little in terms of
research and development. The first scheme, however, is suitable as a retrofit to existing aircooled power plants. It requires evaluation of spray nozzles, manifolding, mist eliminators, and
their effectiveness in actual plant operation. We propose to implement the pre-cooling inlet air
approach at the air-cooled power plant currently operational at RMOTC as described in Section
9.
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9 Recommendations for Future Work
Provided funding, we plan to verify the performance of a retrofitted evaporative cooling system
at a field site with an operational geothermal power plant during the summer of calendar year
2011 and to publish the results of the field work at the end of the year.
9.1

Field Test Unit

An Organic Rankine Cycle (binary cycle) unit that uses isopentane as a working fluid is located
at RMOTC in Casper, Wyoming, and is a potential candidate for field verification tests (see
Figure 38).

Figure 38. Photograph of a 250 kW Ormat binary cycle geothermal plant with an ACC installed at
RMOTC
(NREL PIX 17507)

The unit uses isopentane as the working fluid. The oil field has an excess of low temperature
water (at a resource temperature of 92°C) of approximately 40,000 bpd (4.42 m3/s). Currently,
the power plant is not monitored for hourly measurements of flow rates, temperatures, pressures,
and net power output. However, knowledge of the daily averages of the power output and
ambient temperature are available.
Figure 39 illustrates the average power output in August and November of 2009 with increasing
ambient dry-bulb temperature. In practice, the resource flow rate is varied (when excess water is
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available) to maintain the net power output at approximately 215 kW. However, Figure 39
illustrates that there is an approximate 60% decrease in the power output from November to
August.
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Figure 39. Actual net power output from the air-cooled Ormat unit at RMOTC

The performance of the system was also estimated by modeling the system similarly to those
described earlier in this report. Figure 40 shows the variation in plant net power with increasing
ambient temperature for this unit. The plant yields about 250 kW at design (ambient air
temperature of 14°C). The available power decreases by nearly 75% when the ambient
temperature approaches 30°C.

59

300

Net Power [kW]

250
200
150
100
50
0
0

5

10

15

20

25

30

Time of Day
ACC Baseline

Spray System

Figure 40. Potential net power increase using a wet-cooling assist (spray system) from 10 a.m. to
6 p.m. on the air-cooled Ormat unit at RMOTC

Pre-cooling the inlet air to the ACC would be well suited for tests with this unit since humidity
levels at the site are generally low, averaging a maximum of 29% during the hottest times of the
summer days. These conditions are ideal for evaluating the performance of a spray system for the
air-cooled plant. The addition of a spray during the hot periods of the day could mitigate the
decrease in power production by nearly 36%, as illustrated in Figure 40.
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